ABSTRACT Pyrethroid-resistant malaria vectors have become a serious threat for malaria control, and bed nets that reduce the development of resistance are urgently needed. Here, we tested the effects of bed nets treated with the insect growth regulator pyriproxyfen against adult female Anopheles gambiae Giles (Diptera: Culicidae) under laboratory conditions. Noninsecticidal nets made of 195 denier monoÞlament polyethylene with a mesh size of 75 holes per square inch (equivalent to the Olyset Net) were dipped in a 0.1, 0.01, or 0.001% (wt:vol) alcohol solution of pyriproxyfen and dried overnight. Adult females of an insecticide-susceptible An. gambiae strain were exposed to treated and untreated nets before and after a bloodmeal. Bioassays showed that females were completely sterilized after exposure to 0.1% (35 mg [AI]/m 2 ) and 0.01% pyriproxyfen-treated nets both before and after a bloodmeal. In addition, adult longevity decreased after exposure to the pyriproxyfentreated nets in a concentration-dependent manner. The sterilizing and life-shortening effects of pyriproxyfen on the vector mosquito indicate that the combined use of pyriproxyfen and pyrethroids on bed nets has the potential to provide better malaria control and prevent the further development of pyrethroid resistance in malaria vectors.
Malaria is a major public health problem, particularly in sub-Saharan Africa. The malaria burden in 2009 was estimated to be at least 225 million clinical cases and nearly one million deaths, of which 91% occurred in the African region (WHO 2010) . Vector control using insecticides is an important component of malaria prevention, and the most effective ways to prevent malaria transmission are to reduce vector longevity and provide personal protection from mosquito bites. The most widely used vector control methods are indoor residual sprays (IRSs) and long-lasting insecticidal nets (LLINs) (Guillet et al. 2001a , WHO 2010 . IRSs can shorten vector longevity, thereby preventing the transmission of malaria. Pyrethroid-treated bed nets are effective for personal protection and can provide community protection through a mass impact on vector populations when used at a high coverage rate in villages (Hawley et al. 2003 , Lindblade et al. 2004 , Henry et al. 2005 , Bhattarai et al. 2007 , Fegan et al. 2007 ). Mass distribution of LLINs has been scaled up in African countries with support from the Global Fund Partnership (WHO 2010) .
Pyrethroid resistance in malaria vectors has become widespread in several malaria-endemic parts of the world (Chandre et al. 1999 , Santolamazza et al. 2008 , Ranson et al. 2011 , perhaps due to the agricultural use of pyrethroids and DDT (Dabire et al. 2008 ) and the increasing exposure to insecticide-treated bed nets (Czeher et al. 2008 , Mathias et al. 2011 . Pyrethroid resistance has become a problem in all major malaria vector mosquitoes, such as Anopheles gambiae Giles, Anopheles arabiensis Giles, and Anopheles funestus Giles (all Diptera: Culicidae) in African countries (Martinez-Torres et al. 1998 , Hargreaves et al. 2000 , Mü ller et al. 2008 , Kawada et al. 2011 . Pyrethroids are the only class of insecticides recommended by the World Health Organization (WHO) for bed-net impregnation to prevent malaria transmission because of their fast knockdown action, excito-repellency, and relative safety to humans (Zaim et al. 2000) . Thus, pyrethroid-resistant malaria vectors have become a serious threat, and resistance management bed nets using alternative chemicals are urgently needed to control malaria and prevent the further spread of pyrethroid resistance genes (Zaim and Guillet 2002) .
The insect growth regulator (IGR) pyriproxyfen is a juvenile hormone analog (JHA) with extremely low toxicity to mammals (FAO 1999) . Pyriproxyfen inhibits metamorphosis and embryogenesis in several in-sects (Dhadialla et al. 1998) , and has no cross-resistance to older class chemicals, including pyrethroids. Extremely low doses of pyriproxyfen delivered into mosquito larval breeding sites can inhibit adult emergence; for example, the LC 50 has been reported to be 0.043, 0.023, and 0.0046 g/liter against Anopheles stephensi Liston, Aedes aegypti (L.), and Culex pipiens pallens Coquillett, respectively (Hatakoshi et al. 1987) . Thus, pyriproxyfen has been widely used in the contexts of public health and agriculture (Hirano et al. 1998) . Moreover, evidence suggests that tarsal contact with a pyriproxyfen-treated substrate induces reduction of fecundity in adult females of Ae. aegypti (Itoh et al. 1994) .
In theory, using a combination of insecticides with different modes of action can delay the development of insecticide resistance (Curtis 1985 , Mani 1985 , Tabashnik 1989 . Thus, the use of a pyrethroid and a nonpyrethroid insecticide in combination on the same bed net has been proposed for the management of resistant vectors (Guillet et al. 2001b) . Because pyriproxyfen induces sterilization in adult mosquitoes (Itoh et al. 1994) , mixing it in a LLIN formulation with a pyrethroid has the potential to prevent the spread of pyrethroid-resistant mosquitoes. Here, we investigated the effect of netting treated with pyriproxyfen on fecundity, egg fertility, and adult longevity in female An. gambiae after contact with the netting before and after blood feeding, under laboratory conditions.
Materials and Methods
Test Insect. Adult females of insecticide-susceptible An. gambiae s.s. Kisumu strain derived from a culture in Kisumu, Kenya, were used in all laboratory experiments. All experiments were approved by Animal Care and Use Committee of Sumitomo Chemical.
Preparation of Net Samples. We used noninsecticidal nets made of 195 denier monoÞlament polyethylene with a mesh size of 75 holes per sq. in. that were equivalent to the Olyset Net (Sumitomo Chemical Co. Ltd., Tokyo, Japan). Technical-grade pyriproxyfen (Sumilarv, Sumitomo Chemical Co. Ltd.), was diluted with isopropyl alcohol at concentrations of 0.1, 0.01, and 0.001% (wt:vol). Small pieces (15 by 15 cm) of netting were dipped in each concentration of the pyriproxyfen solution for 1 h and dried overnight. Chemical analysis using gas chromatography showed that the net treated with 0.1% pyriproxyfen retained Ϸ35 mg/m 2 of the chemical. The 0.01 and 0.001% pyriproxyfen-treated nets retained Ͻ10 mg/m 2 pyriproxyfen, which as below the detection limit of gas chromatography.
Pyriproxyfen-Induced Sterilization. We tested the effects of the pyriproxyfen-treated net on egg production and egg hatchability. Laboratory-reared females (2-to 4-d-old) from the same cohort were divided into two groups to compare susceptibility before and after a bloodmeal. One group was allowed to take a bloodmeal overnight from mice in a rearing cage (21 by 21 by 28 cm) maintained at 25ЊC before exposure to the pyriproxyfen-treated net. The other group was allowed to take a bloodmeal after exposure to the pyriproxyfen-treated net. Samples of the 0.1, 0.01, and 0.001% pyriproxyfen-treated and untreated nets (15 by 15 cm) were kept on plastic panels inclined at 45Њ. Batches of 10 blood-fed or unfed females were exposed to the pyriproxyfen-treated net in standard WHO cones for 3 min. In total, 60 fed and 60 unfed females per each concentration were exposed to the net and released into separate cages with access to 5% sugar solution. The unfed females were then allowed to take a bloodmeal from two mice per cage overnight at 25ЊC. Forty engorged blood-fed females from each concentration in both groups exposed before and after bloodmeal were randomly selected 24 h after exposure to the pyriproxyfen-treated net and individually introduced into 200-ml plastic cups (9 cm in diameter) containing a Þlter paper moistened with a 1% sugar solution to allow sugar feeding and laying eggs. The individual rearing cups were kept in an environmentcontrolled room at 25 Ϯ 1ЊC, 60 Ϯ 10% RH, and a photoperiod of 14:10 (L:D) h.
Oviposition was observed for a maximum of 6 d post-bloodmeal. When a female deposited eggs in the cup, she was removed and water was put in the cup for egg hatching. The number of eggs and egg-hatching rate were recorded for each female. Hatched larvae were counted for at least 7 d after oviposition.
Survival Rate and Lifetime Fecundity. We tested the prolonged effects of a single exposure to a pyriproxyfen-treated net on the physiological status of mosquitoes as measured by survival rate and lifetime fecundity. Two-to 4-d-old females were given a bloodmeal from mice in a rearing cage overnight before the exposure. Engorged blood-fed females were used for the experiment. Batches of 10 females were exposed to 0.1, 0.01, and 0.001% pyriproxyfen-treated nets and an untreated control net in WHO cones for 3 min. Exposed females were then released into separate cages (21 by 21 by 28 cm) with access to 5% sugar solution. In total, 80 females were kept in each cage. Two cages were prepared (Ϸ160 females tested in each concentration) and pooled data were used in the analyses. Females were maintained at 27 Ϯ 1ЊC, 90 Ϯ 10% RH, and a photoperiod of 14:10 (L:D) h. Dead females were removed from the cages and counted nearly every day to record the survival rate. Two days after the bloodmeal, two to four 200-ml plastic cups (9 cm in diameter) lined with Þlter paper and Þlled with a small amount of water were placed in the cages for laying eggs. Three days later, the plastic cups were removed from the cages, and the number of eggs deposited was counted. Seven days after the bloodmeal, the females were again allowed to feed on mice overnight. Two days after the bloodmeal, new cups for laying eggs were introduced into the cage. This gonotrophic cycle was maintained at 7-d intervals to record lifetime fecundity until all females were dead.
Statistical Analysis. The proportion of egg-laying females after exposure to the chemically-treated and control nets were analyzed using a multivariate logistic regression analysis to test differences in the sensitivity to pyriproxyfen between two explanatory vari-ables: blood-feeding status (pre-and postfeeding) and pyriproxyfen concentration on the net. The number of eggs per female was analyzed using the KruskalÐWallis test, followed by the SteelÐDwass test for multiple comparisons between pyriproxyfen concentrations. Egg hatchability was analyzed using an analysis of variance (ANOVA) after arcsine square-root transformation.
Survival rates were analyzed using the KaplanÐ Meier survival analysis and log-rank tests were used to compare longevity between treated and untreated females. Lifetime fecundity after exposure was compared among treatments using repeated measures ANOVA after log transformation [log (x ϩ1)]. All statistical analyses were performed using the JMP 8. 
Results
Pyriproxyfen-Induced Sterilization. No female laid eggs after exposure to the 0.01 and 0.1% pyriproxyfentreated nets either before or after a bloodmeal, indicating that An. gambiae was completely sterilized after contact with the higher concentrations of pyriproxyfen ( Fig. 1A and B) . The logistic regression analysis showed that the proportion of egg-laying females was signiÞcantly affected by pyriproxyfen concentration ( 2 ϭ 195.0; df ϭ 3, 7; P Ͻ 0.001; Fig. 1A ) but not by blood-feeding status ( 2 ϭ 0.5; df ϭ 1, 7; P ϭ 0.47), and there was no signiÞcant interaction between the two variables ( 2 ϭ 1.3; df ϭ 3, 7; P ϭ 0.72). The proportion of egg-laying females exposed to 0.001% pyriproxyfentreated nets was signiÞcantly decreased in groups exposed before the bloodmeal (P Ͻ 0.05) but not in groups exposed after bloodmeal (Fig. 1A) . The number of eggs per female (Fig. 1B) differed signiÞcantly among pyriproxyfen concentration in both groups exposed before the bloodmeal (KruskalÐWallis test: 2 ϭ 73.7, df ϭ 3, P Ͻ 0.001) and after the bloodmeal ( 2 ϭ 94.3, df ϭ 3, P Ͻ 0.001). The difference in egg hatchability (Fig. 1C ) between females exposed to the 0.001% pyriproxyfen-treated and control net were signiÞcant in groups exposed after the bloodmeal (oneway ANOVA: F ϭ 13.0; df ϭ 1, 60; P Ͻ 0.001), but not in groups exposed before the bloodmeal (F ϭ 1.2; df ϭ 1, 45; P ϭ 0.28).
Survival Rate and Fecundity. Figure 2A shows the survival curve of An. gambiae females exposed to the pyriproxyfen-treated and untreated control nets. Survival rates decreased as the pyriproxyfen concentration increased. Females exposed to the 0.1% pyriproxyfen-treated net died within 8 d after exposure. The mean longevity of females exposed to the 0.1, 0.01, and 0.001% pyriproxyfen-treated and untreated nets were 5.6 Ϯ 1.3, 10.2 Ϯ 7.7, 14.2 Ϯ 7.4, and 22.9 Ϯ 7.4 (days Ϯ SD), respectively. The KaplanÐMeier survival analysis indicated that the longevity of the females exposed to the treated nets signiÞcantly decreased compared with those exposed to the untreated net (log-rank test, 0.1%: 2 ϭ 255.4, P Ͻ 0.001; 0.01%: 2 ϭ 124.9, P Ͻ 0.001; and 0.001%: 2 ϭ 85.5, P Ͻ 0.001). Figure 2B shows the number of eggs per live female in each cage after exposure to the treated and untreated nets. Females exposed to the 0.1% pyriproxyfen-treated net laid no eggs. Females exposed to the 0.01 and 0.001% pyriproxyfen-treated nets produced signiÞcantly fewer eggs compared with control females (repeated measures ANOVA: F ϭ 4.9; df ϭ 2, 9; P ϭ 0.037). In addition to decreased survival rate, the overall number of eggs laid by females differed signiÞcantly among the treatment groups (F ϭ 4.7; df ϭ 2, 9; P ϭ 0.040) (Fig. 2C) . The mean lifetime fecundities of females exposed to the 0.1, 0.01, and 0.001% Uppercase letters indicate signiÞcant differences among females exposed before blood feeding (P Ͻ 0.05); lowercase letters denote signiÞcant differences among females exposed after blood feeding (P Ͻ 0.05).
pyriproxyfen-treated and untreated control nets were 0, 5.5, 21.5, and 68.3 eggs, respectively.
Discussion
The current study demonstrated that tarsal contact with pyriproxyfen-treated nets sterilized and shortened the longevity of adult female An. gambiae under laboratory conditions. Pyriproxyfen showed a remarkably high efÞcacy for sterilizing An. gambiae, even at the lower dose of 0.01%, which retained Ͻ10 mg/m 2 on the net surface. Topical application of JHAs onto the mosquito abdomen has been reported to reduce fecundity (Patterson 1974) . However, Miler (1994) reported that exposure of a susceptible and a pyrethroid-resistant strain of An. stephensi to a net treated with 0.5 g/m 2 pyriproxyfen produced only a 33 and 55% reduction in the number of eggs, respectively, whereas Aiku et al. (2006) found no signiÞcant difference in fecundity between An. stephensi females exposed to pyriproxyfen-treated and untreated control nets. Although it is not known exactly why our results differ from those of previous investigations, the monoÞlament polyethylene netting treated with an isopropyl alcohol solution of pyriproxyfen may have a higher bioavailability than the netting used in these earlier studies. Furthermore, our investigations showed that sensitivity to the sterilizing effect of pyriproxyfen was higher in Anopheles mosquitoes than in Aedes and Culex mosquitoes (unpublished data).
Juvenile hormone has been known to regulate insect ovarian development. Shapiro et al. (1986) showed that a decline in juvenile hormone levels in Ae. aegypti mosquitoes occurs in the 36-h period after a bloodmeal, and this is necessary for normal egg development. Methoprene, a juvenile hormone analog, applied to An. gambiae was shown to inhibit vitellogenesis by modulating ecdysteroid action, causing abnormal development of the ovary (Bai et al. 2010) . We also conÞrmed that sterile An. gambiae females exposed to pyriproxyfen had abnormally developed ovarian follicles (data not shown). Thus, exposure to a pyriproxyfen-treated net causes a disturbance in hormonal regulation of ovarian development, resulting in sterilization. Itoh et al. (1994) reported that tarsal contact of Ae. aegypti with pyriproxyfen before a bloodmeal induced a large decrease in the number of eggs compared with contact after a bloodmeal. We also observed that at the low dose of 0.001% pyriproxyfen females exposed to the chemical before a bloodmeal were slightly more sensitive than those exposed within the 12 h after a bloodmeal. At the higher doses there were no apparent differences in sensitivity between mosquitoes exposed before or after a bloodmeal, due to the high efÞcacy of pyriproxyfen that caused complete sterilization, masking any time-dependent dosing effects. Furthermore, the effect of pyriproxyfen exposure in the Þrst gonotrophic cycle continued in later gonotrophic cycles, affecting fecundity and longevity, suggesting that pyriproxyfen treatment produces irreversible damage in mosquitoes. For example, pyriproxyfen in the adult cat ßea has been shown to damage internal tissues such as Malpighian tubules, midgut epithelia, and salivary gland cells, and to cause death (Meola et al. 1996) .
The potential for malaria transmission by vector populations, referred to as vectorial capacity, is determined by mosquito abundance, human blood preference, and survival rate (Garrett-Jones 1964a,b; Dye 1992) . The reduced fecundity and longevity in An. gambiae found in the current study has the potential to signiÞcantly reduce the vectorial capacity of mosquito populations. Malaria parasites require a signiÞ-cant incubation period in the mosquito vector before they can be transmitted to a new human host. The time period between a mosquito ingesting a bloodmeal containing parasites and when that mosquito becomes Fig. 2 . Survival rates (A) and lifetime fecundity (B and C) of An. gambiae females after exposure to nets treated with various concentrations of pyriproxyfen. In total, 160Ð163 females for each treatment were maintained in two cages after exposure to pyriproxyfen-treated or untreated control nets.
infectious is known as the extrinsic incubation period, which is typically 10 Ð14 d (Charlwood et al. 1997) . Longevity of the adult mosquito is therefore a critical component in determining the ability of that mosquito to transit malaria (Dye 1992) . The life-shortening effect of pyriproxyfen observed here may reduce the transmission of malaria parasites to a new human host, even after the mosquito has obtained a bloodmeal from an infected person.
Pyrethroid-treated nets have been shown to still be effective against An. gambiae carrying the kdr mutation in West Africa (Corbel et al. 2004 , Dabire et al. 2006 . However, better control tools are necessary to prevent further development of pyrethroid resistance in malaria vectors. One proposed way to delay the development of insecticide resistance is to use mixtures of different chemicals (Curtis 1985 , Mani 1985 , Tabashnik 1989 . Insects developing resistance to one insecticide should theoretically still be killed by the second insecticide and thus prevent the resistance genes from passing to the next generation. The mixture of a pyrethroid with pyriproxyfen on a bed net is a potential candidate for resistance management because their modes of action are quite different.
Previous studies have investigated the efÞcacy of bed nets treated with pyrethroid and nonpyrethroid insecticides to control pyrethroid resistant vectors (Guillet et al. 2001b , Corbel et al. 2002 , Hougard et al. 2003 , Asidi et al. 2005 . Bed nets treated with carbosulfan (a carbamate) and chlorpyrifos-methyl (an organophosphate), either alone or in combination with pyrethroids, were shown to be effective against pyrethroid-resistant mosquitoes (Guillet et al. 2001b , Corbel et al. 2002 , Hougard et al. 2003 , Asidi et al. 2005 , Malima et al. 2009 ). Recently, the pyrrole chlorfenapyr (NЈGuessan et al. 2007a , Mosha et al. 2008 , NЈGuessan et al. 2009 ) and the oxadiazine indoxacarb (NЈGuessan et al. 2007b ) also were considered for use in resistance management nets. Pyriproxyfen is a potential candidate for resistance management because it shows good contact efÞcacy and has long residual activity and low mammalian toxicity.
The current study demonstrated that adult female An. gambiae that came into contact with pyriproxyfentreated netting were sterilized or had reduced fecundity and shortened longevity. These effects can reduce the vectorial capacity of malaria vectors. Furthermore, the combined use of pyriproxyfen and pyrethroids on bed nets may help prevent the development of pyrethroid-resistant mosquitoes because pyrethroid-resistant vectors that survive contact with a net containing both chemicals would not produce offspring with pyrethroid-resistant genes due to the sterilizing effect of pyriproxyfen. These Þndings need to be conÞrmed using pyrethroid-resistant malaria vectors in both the laboratory and in the Þeld.
